At close hand to one's genomic material are the histones that make up the nucleosome. Standing guard, one variant stays hidden doubling as one of the core histones. But, thanks to its prime positioning, a variation in the tail of H2AX enables rapid modification of the histone code in response to DNA damage. A role for H2AX phosphorylation has been demonstrated in DNA repair, cell cycle checkpoints, regulated gene recombination events, and tumor suppression. In this review, we summarize what we have learned about this marker of DNA breaks, and highlight some of the questions that remain to be elucidated about the physiological role of H2AX. We also suggest a model in which chromatin restructuring mediated by H2AX phosphorylation serves to concentrate DNA repair/signaling factors and/or tether DNA ends together, which could explain the pleotropic phenotypes observed in its absence.
Introduction: the tale of a tail
Just as the nucleic acid base is the fundamental repeating unit of DNA, the nucleosome forms the basic building block of chromatin. Within each nucleosome, 147 base-pairs of DNA are wrapped 1.7 times around a central core of eight histone protein molecules (an octamer consisting of two copies each of H2A, H2B, H3, and H4 histones) that form a 100 kDa protein complex [1] . Each core histone contains a "globular domain," which is necessary for histone-histone and histone-DNA contacts, as well as a "tail" motif in both the COOH and NH2-terminal regions, which are targets of post-translational modification. Further compaction is achieved by the linker histone H1, which compresses linear nucleosome arrays into a 30 nm chromatin fiber. Although histones are highly conserved proteins, cells contain alternative versions of the canonical core histones with distinct amino acid sequences. Indeed, functional isoforms are scattered throughout the mammalian genome (see http://genome.nhgri.nih.gov/histones/chrmap.shtml for specific details of the human genome). Recent studies have indicated that some of these histone variants have specialized biological functions beyond the packaging of DNA into nucleosomes. Here, we review the experiments that provided a growing understanding of the role of the histone H2A variant H2AX in cellular metabolism and the maintenance of genomic stability.
First identified in 1980 in human cells as an electrophoretic isoform of the core histone H2A [2] , H2AX was subsequently sequenced in the late 80's [3] . These early studies noted the presence of a short COOH terminal tail not found in any other mammalian H2A isoforms, but being present-with various degrees of homology and linker lengths-in the unique H2A homologue of lower eukaryotes [3, 4] . H2AX constitutes a major H2A species, and its levels vary from 2-25% of the mammalian histone H2A pool depending on the cell line or tissue examined [5, 6] . Like other members of the H2A family, H2AX can be phosphorylated on Ser 1, acetylated on Lys 5 and ubiquitinated on Lys 119 [7] . But what makes H2AX unique is a highly conserved serine residue located 4 amino acids from the COOH terminus, which is rapidly phosphorylated upon the exposure of cells to DNA damage [5] .
␥-H2AX marks the spot
The presence of two evolutionary conserved pathways, homologous end joining (NHEJ) and homologous recombination (HR), for the repair of DNA double strand breaks (DSBs) highlights the threat to genomic integrity caused by free DNA ends [8] . A role for H2AX in the DNA damage response was first suggested by William Bonner and co-workers who used two-dimensional gel analysis to show that phosphorylated H2AX formed rapidly following exposure of cells to ionizing radiation [5] . The phosphorylation site was mapped to the serine 139 residue present within the conserved COOH terminal tail of H2AX. In addition, they found that the amount of H2AX that was ␥-phosphorylated per DSB corresponded to a very large region, estimated to contain about 2 megabases of chromatin or thousands of nucleosomes [5] . Subsequently, the development of a phospho-specific anti-␥-H2AX antibody confirmed that, indeed, H2AX is massively phosphorylated in the chromatin surrounding DSBs, in what has been come to be known as nuclear foci [9] . H2AX was found to be essentially immobile in chromatin, suggesting that phosphorylation-dephosphorylation cycles do not follow a diffusional exchange mechanism [10] . Because of the rapid induction and amplification of phospho-H2AX, and the 1:1 correspondence between the number of ␥-H2AX foci and the number of DSBs [11] , ␥-H2AX recognizing antibodies have become a gold standard to detect the presence of DSBs.
Phosphorylation of H2AX is induced in response to DSBs originating from diverse origins including external damage [5, 9, 12] , replication fork collision [13, 14] , apoptosis [15] , and dysfunctional telomeres [16, 17] . Many immunofluorescence-based studies have exploited the sensitivity of ␥-H2AX foci to address questions about the role, timing and distribution of DSBs. For example, quantification of ␥-H2AX foci has been used to demonstrate that NHEJ is important in all cell cycle phases, whereas HR occurs predominantly in the S/G 2 M cell cycle phases [18] . Studies in mouse germ cells revealed that ␥-H2AX staining (and therefore DSB formation) preceded the synapsis of homologous chromosomes, indicating that the breaks during meiotic recombination formed even before the homologous chromosomes are aligned [19] . V(D)J and class-switch recombination in lymphocytes also rely on DSB intermediates that are repaired by NHEJ. ␥-H2AX formation was detected at loci actively undergoing such alterations in the antigen receptor genes [16, 20, 21] . The role of H2AX and its associated foci in programmed gene rearrangements is discussed in detail below.
Who rings the H2AX serine 139 bell?
Following the generation of DSBs a rapid kinase-based signaling pathway is activated that coordinates DNA repair with the induction cell-cycle checkpoints [22, 23] . The principal mediators in this pathway are the phosphatidylinositol-3 kinase-like family of kinases (PIKK). At least four PIKK family members are involved in the transduction of the signal that originates at broken DNA: ataxia telangiectasia mutated (ATM) ATM-and Rad3-related (ATR) ATM related kinase (ATX), and DNA dependent protein kinase (DNA-PK) [24] . While ATM seems to be the principal kinase that responds to ionizing radiation, the ATR-Chk1 pathway is predominant in the signaling pathway triggered by stalled replication forks or ultraviolet light [25] . Studies so far indicate that this distinction also holds true for H2AX phosphorylation [14, 26, 27] ; that is, H2AX is phosphorylated by ATR in response to DNA replication stress [14] , and primarily by ATM in response to low levels of ionizing radiation [27, 28] . Moreover, formation of ␥-H2AX triggered by uncapped telomeres and meiotic recombination associated DSBs are also largely dependent on ATM [16, 17, 29] . However, there is functional redundancy among the pathways that activate H2AX, since H2AX phosphorylation is detectable in individual kinase dead mutants (ATM −/− , DNA-PK −/− , and ATR −/− ) [14, [27] [28] [29] [30] .
Finally, H2AX phosphorylation has been identified over the condensed XY chromosomes in male meiotic prophase I [19] . Interestingly, this pattern of phosphorylation is independent of meiotic recombination-associated DSBs [19, 31] and independent of ATM and DNA-PK [31] . Thus, the kinase(s) as well as the signal responsible for this massive H2AX phosphorylation over the sex chromosomes remains to be elucidated.
Race to the break
The recruitment of DNA damage signaling and repair proteins to sites of genomic damage constitutes a primary event triggered by DNA damage. Many components of the DNA damage response, including ATM, BRCA1, 53BP1, MDC1, RAD51, and the MRE11/RAD50/NBS1 (MRN) complex [12, 21, [32] [33] [34] [35] [36] form ionizing radiation induced foci (IRIF) that co-localize with ␥-H2AX foci. These nuclear micro-domains are thought to contain hundreds to thousands of molecules that accumulate in the vicinity of a DSB. Several lines of evidence led to the hypothesis that ␥-H2AX is essential for the the recruitment of repair/signaling proteins to DNA damage: (a) ␥-H2AX IRIF formation exhibits rapid kinetics that precedes repair factor assembly into IRIF [5, 12] ; (b) H2AX, and more precisely ␥-H2AX [37, 38] is required for foci formation for numerous factors including 53BP1, NBS1, BRCA1 and MDC1 [12, 35, 39, 40] ; (c) ␥-H2AX physically interacts with NBS1, 53BP1 and MDC1 [35, 38, 41, 42] . However, ␥-H2AX-mediated foci formation is not equivalent to factor recruitment [37] . First, although several factors do not form foci in H2AX −/− cells, they are largely phosphorylated upon exposure to IR even in the absence of H2AX [37] . In the case of NBS1 and CHK2, this PIKK-mediated phosphorylation has been shown to occur precisely at DSBs [43] . Second, some of the proteins that do not form IRIF in H2AX −/− cells are essential for life (i.e., NBS1 or BRCA1), presumably because they are critical components of the repair/signaling pathways that deal with spontaneous DSBs. Finally, although NBS1 or 53BP1 IRIF formation is impaired in the absence of H2AX, recent experiments using irradiation-and laser-induced DSBs demonstrate that the actual recruitment of repair/signaling factors is independent of H2AX [37] . Given that H2AX is also phosphorylated in response to replication stress [14] , it would be interesting to know whether the assembly of damage-induced foci during replication is dependent on H2AX.
What is then the relationship between initial recruitment and subsequent accumulation of factors that that produce foci? To integrate these disparate phenomenon, we proposed a two-stage recruitment model in which ␥-H2AX modulates the accumulation of repair/signaling proteins in the chromatin regions distal to a DSB, following their initial (H2AX-independent) migration to DSBs (Fig. 1 ) [37] . The retention and subsequent increase in the local concentration of factors may be mediated via weak interactions between the SQ motif in the H2AX tail (thousands of which are modified by phosphorylation), and specific domains of repair/signaling proteins. Such a model might be rigorously tested by analyzing the retention of GFP-tagged proteins in Fig. 1 . Model for the role of H2AX phosphorylation in chromatin-and factor-condensation near DSBs. Generation of a DSB results in the early recruitment of repair/signaling factors (II, blue). A wave of H2AX phosphorylation spreads megabases from each side of the break (red, III). The restructuring of chromatin mediated by ␥-H2AX serves to concentrate and retain factors in the vicinity of the lesion, and helps keep ends tethered together (IV).
living cells subjected to local DNA damage. Additionally, H2AX phosphorylation may have a direct effect on chromatin structure in the region surrounding a DSB (Fig. 1 ) [31, 44] . In this way, IRIF formation could also arise by the H2AX-dependent concentration of chromatin, rather than via direct protein-protein interactions at the lesion [45] .
Unlike some of the other factors that are phosphorylated at sites of DSBs (e.g. Chk2, Nbs1), the activating intermolecular auto-phosphorylation of ATM can be induced at a distance by changes in chromatin stucture [46] . Whether ATM directly senses these DSB-induced chromatin alterations or requires DNA "sensors" to transmit the damage signal is still not clear. The MRN complex is required for optimal ATM activation in response to DSBs [47] ; however, it has been noted that cells expressing a form of NBS1 lacking the phospho-Ser/Thr-binding Forkhead associated domain show impaired MRN recruitement to DSBs [43] . This may indicate the existence of a positive feedback loop between MRN and PIKK that is required for both favorable PIKK activation and optimal assembly of MRN on DSBs. In summary, we still have a great deal to learn about how the ATM-dependent checkpoint is activated in response to DSBs. Further analysis of chromatin structure and epigenetic modifications at DNA damage sites will be necessary in order to understand how chromatin perturbations trigger the DNA damage response.
The H2AX syndrome
Hereditary diseases affecting the cellular response to DSBs include ataxia telangiectasia (defective ATM), Nijmegen breakage syndrome (defective Nbs1) and Bloom's syndrome (defective BLM). The hallmarks of these disorders are growth defects, immunodeficiency, hypogonadism, hypersensitivity to specific DNA damaging agents, chromosomal fragility, and cancer predisposition. Mouse models in which specific components of the DSB repair/signaling pathway are disrupted recapitulate most of the pleotropic features found in chromosomal instability syndromes [48] . H2AX-deficient mice resemble chromosomal instability disorders in that they show radiosensitivity, male specific infertility, small size, and reduced levels of secondary immunoglobulin isotypes [39] . More recently, it has been shown that H2AX deficiency also modifies tumor susceptibility in mice [49, 50] . The availability of H2AX-deficient cells and mice has allowed us to gain greater insight into the cellular function of what was previously known only as a cytological marker of DSBs. Fig. 2 . Schematic representation of class switch recombination (CSR), and potential role of H2AX. CSR requires germ-line transcription of participating switch (S) regions, which is induced by a combination of activators and cytokines (II). These stimuli also induce expression of AID (III). AID and potential co-factors catalyze the CSR reaction by introduction of DSBs, either via RNA editing or by direct deamination of DNA (III). Induction of DSBs results in the recruitment of NHEJ factors (IV), stimulates the phoshorylation of H2AX (VI) and the assembly of Nbs1 into ␥-H2AX foci. The breaks can be resolved by the direct ligation of the ends (intra-switch recombination, V), which is dependent on NHEJ, or by intrachromosomal deletion that results in an isotype switch (VI, VII). This example shows a switch from IgM to IgG3. ␥-H2AX, ATM, 53BP1, Nbs1 and MDC1 are hypothesized to facilitate switch regions synapsis via restructuring of chromatin (VI), as described in Fig. 1 .
Role of H2AX in DNA repair
The first experiment that demonstrated a role for H2AX in DNA repair was a genetic study performed in Saccharomyces cerevisiae [51] . Elimination of the unique C-terminal H2A serine residue in yeast led to an impairment in NHEJ [51] . More recently, it was shown that in S. cerevisiae H2A Ser 129 is critical for the efficient repair of DSBs during DNA replication [52] . The analysis of H2AX-deficient ES cells and mice showed that H2AX is not essential for NHEJ or HR in mammalian cells, but does appear to modulate both pathways [20, 39, 40, 44] . Though ␥-H2AX facilitates faithful repair, the biochemical mechanism remains unclear. One possibility is that phosphorylation of H2AX increases the likelihood of assembling a functional repair complex by increasing the local concentration of repair factors near the lesion. Another, non-exclusive possibility is that chromatin reorganization facilitated by ␥-H2AX could prevent the premature separation of broken ends, a function that would safeguard against potentially tumorigenic chromosome rearrangements ( Figs. 1 and 2 ).
Role of H2AX in genomic stability and cell cycle checkpoints
Genomic instability is a general term used to describe a genetic propensity for an increase in chromosomal pathology secondary to inaccurate repair or deficiency in cell cycle checkpoints. Typically, the instability can be visualized as chromosomal breaks, translocations, or aneuploidy. H2AX-deficient mouse embryo fibroblasts and T cells contain chromosomal breaks and translocations. However, H2AX −/− B-cells do not show such aberrations, presumably because the apoptotic machinery eliminates B cells that carry chromosomal pathology [26, 39] . Consistent with this idea, loss of checkpoint regulation by p53 deletion produces chromosomal aberrations that can be seen in all H2AX −/− p53 −/− cell types [49] .
Although rapidly phosphorylated in response to IR, H2AX is largely dispensable for checkpoint responses to high dose ␥-irradiation [39, 51, 52] . In contrast, H2AX −/− cells exposed to low doses of irradiation that generate few DSBs fail to properly arrest at the G 2 phase of the cell cycle and progress to mitosis [28] . This defective G 2 /M checkpoint response seems to be linked to the impaired accumulation of factors such as 53BP1 at DSBs, which may be an essential amplification step at threshold levels of DNA damage [28, 53, 54] . However, the precise contribution of the G 2 /M checkpoint defect to the overall genomic instability manifested in H2AX deficient cells is not yet known.
Role of H2AX in growth
Like other mouse models of genomic instability, H2AX deficient mice are small in size [39] . This growth defect is distributed proportionally throughout the entire organism. Similarly, H2AX −/− mouse embryonic fibroblasts (MEFs) exhibit impaired growth and senesce after only 3-4 passages in culture [39] , a phenotype partially alleviated by p53 deficiency [49] . In human cells, senescence is associated with telomere erosion that follows every cell division [55] . Moreover, a number of proteins implicated in the DNA damage response have been shown to play an active role in telomere maintenance. Interestingly, H2AX phosphorylation has been detected in fusogenic telomeres in cells in which the capping protein TRF2 has been depleted, as well as in human fibroblasts undergoing senescence [16, 17] . However, in contrast to the NHEJ components Ku80 or DNA ligase IV [56, 57] , H2AX is not essential for chromosomal fusions arising from either critically shortened or de-protected telomeres [29] ; neither does H2AX deficiency significantly affect the telomere length [29] . Since H2AX is largely dispensable for somatic telomere maintenance, the H2AX −/− growth defect is likely to be due to the response to chromosomal aberrations that arise spontaneously in primary cells, rather than a consequence of modifications in telomere structure.
Role of H2AX in meiosis
Meiosis is a cellular differentiation program during which physiological DSBs are created and repaired, giving rise to recombination events between parental chromosomes. Meiotic recombination takes place in the prophase stage within the first of two meiotic divisions, and is triggered by DSBs generated by the Spo11 transesterase [58] . When the distribution of ␥-H2AX is analyzed in mouse spermatocytes, it shows two distinct patterns of staining [19] . On the one hand, there is a Spo11-dependent ␥-H2AX formation associated with meiotic DSBs on all chromosomes (occurring at the leptotene-zygotene transition). In the subsequent pachytene stage, only the XY chromosomes (but not the autosomes) are covered by ␥-H2AX. This sex chromosome-specific staining is still apparent in Spo11 −/− mice [19] . During meiotic prophase in male mammals the X-and Y-chromosomes condense to form a macrochromatin body termed the sex-or XY-body within which the X-and Y-linked genes are transcriptionally repressed [59] . Confirming that the ␥-H2AX staining detectable over the sex chromosomes has a physiological role, the X-and Y-chromosomes of histone H2AX-deficient spermatocytes fail to condense to form a sex-body, do not initiate meiotic sex chromosome inactivation and exhibit severe defects in the pairing of X-Y chromosomes [31] . Since ␥-H2AX staining over the sex body is independent of programmed Spo11-mediated DSBs, it is still a mystery as to what what triggers this massive phosphorylation. However, these observations suggest the possibility that ␥-H2AX-dependent chromatin condensation may not be a meiosis exclusive phenomenon, but that phosphorylation of H2AX might also affect chromatin condensation and transcriptional inactivation during the repair of DNA double strand breaks in mitotic cells (Fig. 1) .
Prior to the generation of the meiotic DSBs, the ends of all chromosomes (telomeres) cluster within a limited region of the nuclear envelop, forming a so-called "bouquet". This clustering of telomeres is thought to insure proper homolog pairing and synapsis of the homolog axes [60] [61] [62] . Interestingly both ATM [63] and more recently H2AX [29] have been shown to regulate the persistence of the telomere bouquet. The exit from the bouquet stage may therefore be coupled to the completion of the repair of meiotic DSBs. In this scenario, the extended duration of the bouquet stage in H2AX deficient spermatocytes may reflect an altered recombination and/or signaling defect in these cells. Whether the meiotic functions of H2AX are mediated solely via the phosphorylation of its tail is presently unknown.
Role of H2AX tumor suppression
There is mounting evidence that genomic instability is a cause and not just a consequence of cancer development [8] . Although chromosomes in cells from H2AX deficient mice contain frequent breaks and translocations, there is little or no increase in tumor development in H2AX −/− mice [49, 50] . Apparently, H2AX −/− cells are protected from malignant transformation by the activity of DNA damage sensors, like p53. Such 'gatekeepers' [64] proteins provide a safeguard against genomic instability by arresting cell division or triggering apoptosis in cells harboring chromosome abnormalities. Consistent with this view, there is a dramatic increase in the onset of both lymphoid and solid tumors when the loss of one or both H2AX alleles occurs on a p53 deficient background [49, 50] . These studies showed that H2AX was still expressed in tumors from H2AX +/− p53 −/− deficient mice, indicating that H2AX functions as a dosage-dependent or haplo-insufficient tumor suppressor. In fact, when H2AX levels are reduced to 50% of wild-type levels, the resultant decrease in ␥-H2AX formation is insufficient to maintain genomic stability, and leads to increased levels of chromosomal aberrations, reduced growth rates and radiation sensitivity [49, 50] . Although ␥-H2AX foci are still present in H2AX +/− cells, it remains unclear whether subtle differences in the size and/or quantity of foci exist when half as many nuclesomes contain H2AX.
Role of H2AX in immune receptor rearrangements
During lymphocyte development, T and B cells undergo the process of somatic gene rearrangement known as Variable Diversity Joining (V(D)J) recombination to produce the primary antigen receptor repertoire. Antigen receptor diversification in lymphocytes is initiated by the RAG-1/2 endonuclease, which introduces DSBs adjacent to the antigen receptor segments (V, D, and J segments) [65] . The subsequent juxtaposition and ligation of V(D)J ends requires ubiquitously expressed proteins (Ku80, Ku70, DNA-PKcs, XRCC4, Ligase 4, and Artemis) that function in NHEJ. A role for H2AX in V(D)J recombination was suggested by the findings that RAG-dependent ␥-H2AX foci accumulate at sites of V(D)J recombination in developing thymocytes [21] , and that a subset of T and B cell lymphomas in H2AX −/− p53 −/− deficient mice harbor oncogenic translocations that arise as byproducts of aberrant V(D)J recombination [49, 50] . However, V(D)J recombination appears to be largely intact in H2AX −/− mice with only a two-fold reduction in the absolute number of lymphocytes and no abnormalities in the formation of V(D)J recombination signal or coding joints [39, 40] . This apparent disparity may be explained by the strong immunologic selection for productive V(D)J joints during lymphocyte development. Only those cells that make a productive rearrangement survive and are clonally expanded, whereas cells bearing non-productive rearrangements are deleted by apoptosis. Therefore, subtle defects in the capacity to repair DSBs during V(D)J recombination would be difficult to detect. Indeed, given the phenotype of H2AX −/− p53 −/− mice, it is likely that there is a reduced efficiency in the repair of V(D)J recombination-induced lesions, and that those H2AX −/− cells harboring genome-destabilizing lesions are eliminated in vivo by p53-dependent apoptosis.
B lymphocytes undergo a second genomic recombination reaction in response to antigenic stimulation called class switch recombination (CSR) (Fig. 2) . This reaction replaces one immunoglobulin (Ig) constant gene for another, thereby changing the effector function of the Ig. CSR is initiated by activation-induced deaminase (AID) [66, 67] , a single stranded DNA deaminase that creates lesions that are resolved by NHEJ (Fig. 2III) . For example, Ku80 or Ku70 deficient B cells are unable to complete the CSR reaction [68, 69] and in the absence of DNA-PKcs, CSR is very inefficient [70, 71] (Fig. 2IV) . CSR is also defective in ATM −/− and H2AX −/− mice [20, 39, 44, 72] and B cells undergoing CSR accumulate AID-dependent ␥-H2AX foci at the Ig locus [20] .
How H2AX facilitates CSR is not precisely known but ␥-H2AX appears to play a role in promoting switch region synapsis [44] (Fig. 2VI) . During the CSR reaction, multiple DSBs are created in Ig switch region DNA (Fig. 2III ) and these can be resolved by local re-ligation (Fig. 2V) or by recombination between switch regions (Fig. 2VII) . Although recombination between switch regions is abnormal in the absence of H2AX, short-range intra-switch region recombination proceeds normally [44] (Fig. 2V) . Consistent with the idea that accurate long distance chromosome joining is affected by H2AX deficiency, there is an increased frequency of breaks and translocations near the IgH locus in H2AX −/− p53 −/− B cells undergoing CSR [49] , and an increased susceptibility to mature B cell lymphomas with breakpoints in the vicinity of switch regions [50] .
Model for H2AX function
We speculate that the pleotropic phenotypes observed in the absence of H2AX-chromosomal instability and radiation sensitivity in mitotic cells, abnormalities in XY pairing and transcriptional inactivation in spermatocytes, defects in G 2 /M checkpoint control, and reduced levels of class-switching are all due to two complementary structural functions provided by the phosphorylation marks on H2AX: a role in (1) the focal assembly and retention of factors in chromatin regions near the damaged site (2) the reorganization of chromatin structure. In this model, the induction of a DSB activates ATM, and recruits ATM together with NHEJ repair proteins and damage sensors such as MRN, 53BP1, and MDC1 to the lesion. ATM and DNA-PKcs would phosphorylate numerous substrates at the DSB including H2AX, MRN, 53B1, and MDC1. Reinforcement of PI-3K kinase activity and subsequent phosphorylation events would require MRN, and to a lesser extent H2AX, 53BP1 and MDC1. The model posits that H2AX phosphorylation spreads over a distance of several megabases from the damaged site, and that spreading would both condense chromatin and concentrate repair factors in the vicinity break ( Figs. 1 and 2 ). The focal assembly of the H2AX/MRN/ATM/53BP1/MDC1 complex and associated changes in chromatin folding would then facilitate the synapsis of broken ends.
One prediction of the model is that the severity of the phenotype in cells lacking H2AX would depend both on the extent of DNA damage [28] , and on the proximity of the broken ends. Thus, different repair reactions might have distinct requirements for components of the H2AX/MRN/ATM/53BP1/MDC1 complex in the tethering of DNA ends. For example, absence of H2AX leads to a mild defect in V(D)J recombination, but this could be a consequence of a relatively stable post-cleavage synaptic complex reinforced by RAG-1/2 proteins [73, 74] . Similarly, the intra-switch recombination reaction might be facilitated by H2AX independent recruitment of NHEJ factors and the MRN/ATM/53BP1/MDC complex (Fig. 2V) . On the other hand, the synaptic reinforcement mediated by H2AX might be more critical for the repair of irradiation-induced breaks, or for long-range chromosome interactions between switch regions or between X and Y chromosomes during meiosis. As mentioned above, even a partial loss of H2AX abrogates some of these functions, leading to chromosomal instability and increased susceptibility to cancer.
In conclusion, our model proposes that ␥-H2AX has two functions in DNA repair: a role in promoting changes in the structural configuration of chromatin and in chromatin tethering of repair factors, these functions may or may not be related, but both likely to be required for efficient synapsis of broken chromosome ends.
Implications for human disease
The histone H2AX gene, located 11 Mb telomeric to ATM at 11q23.3, is in a region commonly deleted or translocated in several human hematological malignancies and solid tumors [75] . Heterozygous deletion of chromosome bands 11q22-q23 is detected at a particularly high frequency in B cell chronic lymphocytic leukemia (B-CLL), mantle cell lymphoma (MCL), and T cell prolymphocytic leukemia (T-PLL), and is associated with rapid disease progression and poor survival in B-CLL [75, 76] . Since somatic disruption of ATM only accounts for a distinct subset of tumors involving alterations in 11q [75] , other tumor suppressor genes in this chromosomal region are likely to play a pathogenic role. In one report, constitutional H2AX mutations were not found in a screen of hereditary breast cancer families [77] , and indeed no evidence for increased risk of breast malignancies was detected in the knockout mice. Further studies are therefore needed to directly address the contribution of H2AX haploinsufficiency in human malignancies associated with 11q deletions.
Given that H2AX deficient mice present all of the features of genomic instability syndromes and that the H2AX gene is located in close proximity to the ATM locus, it remains possible that the molecular basis for some AT-like patients that have been classified on the basis of physical mapping may reside in mutations in H2AX. Based on the results from the mouse model, the histone guardian of the genome, H2AX, may prove to be an important player in cancer-causing genomic instability in humans. One important avenue for basic research will be to determine precisely how chromatin structure is modified by the phosphorylation marks on H2AX and how this modification is linked to DNA damage repair and signaling.
A critical role for histone H2AX in recruitment of repair factors to nuclear foci after DNA damage Tanya T. Paull*, Emmy P. Rogakou † , Vikky Yamazaki ‡ , Cordula U. Kirchgessner ‡ , Martin Gellert* and William M. Bonner † Background: The response of eukaryotic cells to double-strand breaks in genomic DNA includes the sequestration of many factors into nuclear foci. Recently it has been reported that a member of the histone H2A family, H2AX, becomes extensively phosphorylated within 1-3 minutes of DNA damage and forms foci at break sites.
Results:
Wortmannin treatment was effective only when it was added early enough to prevent γ-H2AX formation, indicating that γ-H2AX is necessary for the recruitment of other factors to the sites of DNA damage. DNA repair-deficient cells exhibit a substantially reduced ability to increase the phosphorylation of H2AX in response to ionizing radiation, consistent with a role for γ-H2AX in DNA repair.
Conclusions:
The pattern of γ-H2AX foci that is established within a few minutes of DNA damage accounts for the patterns of Rad50, Rad51, and Brca1 foci seen much later during recovery from damage. The evidence presented strongly supports a role for the γ-H2AX and the PI-3 protein kinase family in focus formation at sites of double-strand breaks and suggests the possibility of a change in chromatin structure accompanying double-strand break repair.
Background
The introduction of double-strand breaks into DNA triggers a complex set of responses in eukaryotic cells, including cell cycle arrest, relocalization of DNA repair factors, and in some cases apoptosis. Failure to arrest cellular functions can lead to a high level of genomic instability, which is linked to increased probabilities of oncogenic transformation. Several factors known to be involved in DNA repair or in signalling the presence of damage have been shown to accumulate in large nuclear domains (foci) after double-strand DNA breakage [1] [2] [3] [4] [5] [6] . This response is not yet fully understood but has been suggested to be a visual indication of DNA repair centers.
The Mre11-Rad50-Nbs1 (MRN) complex, for instance, has been shown to form foci after exposure to ionizing radiation [1] and these foci localize to subnuclear volumes containing the damaged DNA [7] . The analogous complex in Saccharomyces cerevisiae (Mre11-Rad50-Xrs2) functions in the cellular response to ionizing radiation [8] [9] [10] as well as in non-homologous end-joining [11, 12] , meiotic recombination [9, 10, 13] , and telomere maintenance [14] [15] [16] , and may also play a role in homologous recombination [17, 18] . The MRN complex exhibits exo-and endonuclease activities, consistent with a role for DNA end processing during repair of double-strand breaks [19] [20] [21] .
The eukaryotic RecA homolog Rad51 forms foci at sites of single-stranded DNA following DNA damage and, unlike MRN, forms foci in untreated cells during S phase [22] . Interestingly, Rad50 foci and Rad51 foci are rarely found in the same cell after damage [1, 23] , suggesting that there might be two mutually exclusive pathways of repair. The product of the Brca1 tumor suppressor gene also colocalizes separately with Rad50 or Rad51, fueling speculation of a role for Brca1 in DNA double-strand break repair [4, 23] .
One of the first cellular responses to the introduction of double-strand breaks is the phosphorylation of H2AX, one of three types of histone H2A molecules in eukaryotic cells [24] . Serine 139 in the unique carboxy-terminal tail of H2AX is phosphorylated within 1 to 3 minutes after damage, and the number of H2AX molecules phosphorylated increases linearly with the severity of the damage. Introduction of double-strand breaks elicits this response, but other types of damage, for instance UV irradiation, do not. An antibody specific to the phosphorylated form of H2AX (γ-H2AX) was produced recently and used to show that γ-H2AX is localized in large chromatin domains at the sites of DNA damage [25] .
Given the very rapid and specific modification of H2AX after formation of double-strand breaks, we asked whether the foci of these phosphorylated molecules might be related to the foci of repair factors usually observed at much later time points after DNA damage. In this work, using both a laser scissors apparatus and a 137 Cs source of ionizing radiation to induce double-strand breaks, we found that the initial pattern of γ-H2AX molecules formed in the nucleus corresponds to the pattern of both Rad50 and Rad51 types of damage-induced foci, which appear later in the recovery. Brca1 is also recruited to these structures, and appears much earlier than the other repair factors investigated. Interference with H2AX phosphorylation by the kinase inhibitor wortmannin, or the use of a kinase-defective cell line, provides further evidence for the role of phosphorylated H2AX in initiating focus formation by repair factors after DNA damage, and for the involvement of phosphoinosite (PI)-3 kinases in activating H2AX.
Results

Colocalization of γ γ-H2AX and repair factors at sites of laser-induced double-strand breaks
To determine whether any of the known repair-related factors colocalizes with γ-H2AX after DNA damage, we used a technique in which cells grown in the presence of a low concentration of BrdU are then incubated with a DNA intercalating dye (Hoechst 33258) and exposed to UV light, which causes double-strand breaks to occur in genomic DNA at sites of BrdU incorporation [26] . Instead of a general UV light source, we used a 390 nm dye laser in a 'laser scissors' apparatus to introduce the breaks into living cells, as described recently [25] . In this procedure, the cells (grown on a coverslip) are mounted on the microscope stage, which is then moved relative to the laser beam.
Human cells from the breast tumor line MCF7 were irradiated using the laser scissors technique and allowed to recover for 30 minutes before fixation and antibody staining. As shown in Figure 1a , immunostaining with antibodies directed against γ-H2AX (green) and Rad50 (red) revealed that both molecules localized specifically in the pattern of the laser path through the cell nuclei. Thus, the MRN complex clearly localizes to sites of H2AX phosphorylation at the locations of double-strand breaks.
Immunofluorescence studies of Brca1 have shown colocalization with Rad51 in bright foci after DNA damage [4] . To investigate the relationship between Brca1 and γ-H2AX phosphorylation, we introduced double-strand breaks with the laser scissors and stained with antibodies specific for each protein. As shown in Figure 1b , Brca1 localized exactly to the line of DNA breaks and to γ-H2AX. Formation of this line pattern was evident with Brca1 antibody staining in most, but not all, of the cells with a γ-H2AX pattern. Because Brca1 has been reported to colocalize with the MRN complex [23] , we also tried a combination of Brca1 and Nbs1 antibodies and found that the two factors often colocalized together to the lines of DNA breakage (Figure 1c ). Several cells, however, exhibited a Nbs1 staining pattern but not a Brca1 staining pattern. Our results with the laser scissors suggest that the MRN complex and Brca1 do localize to γ-H2AX and to sites of DNA double-strand breaks but that the association of Brca1 with MRN is seen only in a subset of the cell population.
Sequential assembly of repair factors after ionizing radiation
To examine the effects of lower doses of radiation and to extend our study to cell lines less tolerant of the laser scissors procedure, we used a standard 137 Cs source to introduce double-strand breaks. The time course of focus formation in the normal fibroblast line IMR90 after 12 Gy irradiation was examined in comparison to unirradiated cells, using pairwise combinations of antibodies specific to γ-H2AX, Rad50 (or Nbs1), Brca1, and Rad51, as shown in Figure 2 . In unirradiated IMR90 cells, we observed two distinct populations with respect to γ-H2AX. In 90-95% of the cells, the γ-H2AX staining was extremely weak and diffuse (Figure 2a, left) , whereas in 5-10% of the cells, we observed one or a few bright γ-H2AX foci (Figure 2a , right). Within this smaller population of cells, the few γ-H2AX foci colocalized with Rad50 foci in a majority of the cells we examined, suggesting that the MRN complex is recruited to double-strand breaks that occur in the absence of irradiation.
After exposure of IMR90 cells to 12 Gy ionizing radiation, γ-H2AX foci appeared in 100% of the cell population (data not shown). In contrast, Rad50 foci appeared more slowly, over a period of several hours (Figure 2b ,c), as described previously for this cell line [1] . At the 2 hour time point, for instance, γ-H2AX foci were clearly present in the absence of Rad50 foci (Figure 2b) . However, when the Rad50 foci did appear at 6-8 hours post-irradiation, they coincided significantly with the γ-H2AX foci already present (Figure 2c) . Colocalization of Rad50 with γ-H2AX continued through at least 24 hours, although the number of foci in each cell decreased at the later times (data not shown). A quantitative assessment of this colocalization was made using the software program NIH Image to count all of the foci in at least 30 cells per time point (Figure 3a) . These data indicated that the number of γ-H2AX-Rad50 colocalizing foci increased gradually and reached a maximum by 6-8 hours after irradiation, at 
Brca1 recruitment into foci after DNA damage
We then examined the time course of Brca1 focus formation in IMR90 cells (Figure 2d-f ) and found that it differed significantly from the time course of Rad50 colocalization. Before irradiation, 10-15% of the cell population exhibited Brca1 foci and approximately 50-70% of these cells had at least one Brca1 focus colocalizing with a γ-H2AX focus (as in Figure 2d ). After 12 Gy irradiation and 45 minutes recovery, the S-phase Brca1 foci disappeared (data not shown), consistent with previous reports [4] . After 2 hours of recovery, the IMR90 cells exhibited Brca1 foci in 10-15% of the population and in these cells the majority of the Brca1 foci overlapped γ-H2AX foci (Figure 2e ). Both visual analysis and quantification of foci (Figure 3b) showed that the density of Brca1/γ-H2AX colocalized foci reached a maximum by 2 hours after irradiation, thus considerably earlier than the Rad50/γ-H2AX foci. The Brca1 foci were not at their maximum brightness at this time, but the subnuclear locations of at least 60% of Brca1 foci in each cell coincided with γ-H2AX foci by 2 hours of recovery after irradiation. Colocalization of Brca1 with γ-H2AX continued through the 6 hour time point (Figure 2f ). The order of focus assembly we have observed in IMR90 cells is therefore γ-H2AX first, then Brca1, followed by MRN.
We also examined the appearance of Rad51 foci after ionizing radiation and found that these foci are present in only a subset of IMR90 cells and this subset largely overlapped the subset that exhibited Brca1 foci. When we stained unirradiated cells with Rad51 antibody, we found that very few of the S phase Rad51 foci overlap with γ-H2AX foci (less than 10%; data not shown). After 12 Gy irradiation and 2 hours recovery, Rad51 and Brca1 foci were apparent in 10-15% of the cells but there was no significant overlap between Rad51 foci and γ-H2AX foci at this time ( Figure 2g ). By 6 hours, however, Rad51 foci were present in 20-25% of the cells and there was a very clear coincidence of Rad51 with γ-H2AX spots (Figure 2h ). When we looked at the association of Rad51 with Brca1 at different time points we found that their colocalization increased gradually over the course of the experiment with at least 55% of the total number of Rad51 foci colocalizing with Brca1 foci after 6 hours of recovery (Figure 2i and quantification in Figure 3b ). In general, we observed that Rad50 and Rad51 were not found in the same individual cell nuclei, similar to previous reports [1, 23] . Thus, the time course of Rad51-γ-H2AX colocalization we observed was similar to that of Rad50-γ-H2AX, although in different subsets of cells, and occurred later during recovery than Brca1 colocalization with γ-H2AX.
To extend the results we obtained with the IMR90 cell line, we also tested SVG p12 cells, an SV40-transformed human fibroblast line. In these cells, the order of focus formation was the same as that observed in the IMR90 cells, namely γ-H2AX first, followed by Brca1-γ-H2AX, followed by Rad50-γ-H2AX or Rad51-γ-H2AX colocalization in different subsets of cells (data not shown). In the transformed cells, however, the Brca1 association with γ-H2AX appeared as early as 45 minutes after irradiation, suggesting that the absolute amount of time required for recruitment of factors to the sites of DNA damage can vary dramatically among cell lines. In addition, the proportion of cells containing Rad51 foci was much higher in SVG p12 than in IMR90, both before irradiation (30% versus 10%) and after irradiation (60% versus 20%). Overall, our examination of γ-H2AX colocalization with these repair factors in multiple cell lines suggests that all damage-induced nuclear foci, both Rad50 and Rad51 types, originate as γ-H2AX foci.
Wortmannin inhibits radiation-induced focus formation
Although the kinase responsible for phosphorylation of H2AX molecules in mammalian cells after irradiation has not been described, the phosphorylation site in the H2AX carboxy-terminal tail does match the 'SQ' consensus phosphorylation sequence for the DNA-dependent protein kinase (DNA-PK), which is known to be involved in the cellular response to ionizing radiation [27, 28] . DNA-PK is a member of a subfamily of protein kinases, including ATM (Ataxia-Telangiectasia mutated) and ATR (Rad3-related) proteins, which show homology to the PI-3 group
Research Paper γ γ-H2AX and DNA repair Paull et al. 889 Time (h) of lipid kinases [29] [30] [31] [32] [33] . Like the lipid kinases, this subfamily of protein kinases can be inhibited by the fungal metabolite wortmannin [34] [35] [36] [37] [38] [39] . To investigate the role of these kinases in focus formation, we incubated cells with the drug before or after exposure to ionizing radiation, and stained with antibodies specific for γ-H2AX, Brca1, and Rad51, as shown in Figure 4 .
Compared with untreated MCF7 cells (Figure 4a , left), cells incubated with wortmannin for 30 minutes prior to 12 Gy irradiation had substantially fewer and much less bright γ-H2AX foci (Figure 4a, middle) . Staining of these cells with antibodies specific for Brca1 and Rad51 showed that the wortmannin preincubation completely eliminated focus formation by these proteins as well (Figure 4c ; compare with the irradiated cells incubated without the drug, Figure 4b ). In contrast, if wortmannin was added within 5 minutes after radiatiom (a time point after the appearance of γ-H2AX foci but before the appearance of Brca1-Rad51 foci), all the foci appeared normally (Figure 4a , right, and Figure 4d ). Therefore, the wortmannin-sensitive step in focus formation occurs very early in the response to irradiation and is likely to be the phosphorylation of γ-H2AX itself. Elimination of γ-H2AX focus formation by wortmannin prevented focus formation by the other factors, suggesting that phosphorylation of H2AX is a necessary step in this pathway. We have not found any conditions of wortmannin treatment that permitted Brca1-Rad51 focus formation in the absence of γ-H2AX foci.
γ γ-H2AX focus formation in repair-deficient cells
Given the dramatic effect of wortmannin treatment on focus formation in MCF7 cells, we then examined the response to irradiation in M059J cells, which are known to be completely deficient in DNA-PK [40] and have extremely low levels of ATM protein [41] [42] [43] . Surprisingly, we found that M059J cells exhibited a high level of γ-H2AX foci even during normal growth conditions (Figure 5a , '-').
Exposure of these cells to ionizing irradiation did not increase the number of foci per cell (Figure 5a , '+').
Because visual focus formation may not reflect subtle changes in the amount of γ-H2AX formed in vivo, we exposed M059J cells to a high level of radiation (200 Gy) and compared the levels of phosphorylated versus unphosphorylated H2AX on Coomassie-stained two-dimensional protein gels compared to M059K cells, a DNA-PK positive control (Figure 5c ). (The high X-ray dose is necessary here in order to see the change in H2AX phosphorylation state biochemically; the constitutive level of γ-H2AX foci in unirradiated M059J cells is far below the minimum amount at which phosphorylated protein would be visible in gels). In the DNA-PK-positive cells, the phosphorylated form of the histone increased dramatically over the time course of recovery, reaching a maximum of approximately 70% of the total H2AX in the cell. In the M059J cells, there was a small increase in the amount of γ-H2AX, but it was several-fold reduced compared to the normal cell line (Figure 5c and [24] ). From these results we conclude that the absence of DNA-PK and ATM substantially reduces the γ-H2AX response, but does not eliminate it. A kinase other than DNA-PK must therefore also be able to phosphorylate the histone and does so in M059J cells even in the absence of external sources of ionizing radiation.
We also examined an NBS cell line, which contains a mutated version of the Nijmegen breakage syndrome (NBS) gene, exhibits high levels of chromosomal aberrations after exposure to ionizing radiation [44] , and does not exhibit MRN foci (data not shown). Like the M059J cell line, we observed high levels of γ-H2AX foci in unirradiated cultures, as shown in Figure 5b , '-'. At least 50-70% of unirradiated cells contained γ-H2AX foci, compared to 5-10% of normal fibroblasts. NBS cells exhibit high levels of chromosomal instability [44] , so the presence of many γ-H2AX foci may be a visual indication of an increased incidence of double-strand breaks in these cells. Unlike the M059J cells, however, the NBS cells exhibited a 5-to 10-fold increase in the number of γ-H2AX foci after exposure to 2 Gy irradation ( Figure 5b , '+'). In addition, the Brca1 and Rad51 colocalization with γ-H2AX appeared to occur normally in these cells (data not shown), thus formation of MRN foci is not necessary for these responses.
Discussion
In this work we have investigated the relationship between the phosphorylation of histone H2AX and the sequestration of repair factors following DNA damage. The use of a laser scissors apparatus to introduce doublestrand breaks at very precise locations in cell nuclei enabled us to observe the phosphorylated histone molecule as well as the MRN complex and Brca1 directly at the sites of the breaks. The colocalization of foci after exposure to ionizing radiation also indicated that Brca1 and Rad50 (or Rad51) foci form sequentially at sites of H2AX phosphorylation. Blockage of γ-H2AX foci with the kinase inhibitor wortmannin suppressed the later focus formation by the repair-related factors, suggesting a causal link between these responses. A cell line deficient in DNA-PK and ATM showed very little increase in H2AX focus formation after DNA damage, although the cells exhibited constitutive γ-H2AX foci in unirradiated cultures. The appearance of foci of H2AX before the repair factors, and the dependence of all these foci on the prior phosphorylation of H2AX, suggests that H2AX phosphorylation and focus formation is a necessary first step in the organization of repair factor foci. These results also suggest a role for DNA-PK and ATM in focus formation by γ-H2AX and the other repair factors in response to DNA damage, and a potential role for another PI-3-type protein kinase that can function constitutively in their absence.
An ordered recruitment of factors to sites of DNA damage
Examination of focus formation following irradiation in several different cell lines led us to the conclusion that, although Rad50 and Rad51 appear to form foci in different subsets of cells, each repair factor colocalized over time with sites of H2AX phosphorylation. This finding links the two types of repair complexes to a common initiating signal and suggests that in both cases, the repair molecules are recruited to specific domains of chromatin containing damaged DNA.
Interestingly, when we looked at Brca1-γ-H2AX colocalization in comparison to Rad50 and Rad51, we found that Brca1 is recruited to sites of γ-H2AX phosphorylation several hours before the other factors. This was quite surprising because Brca1 has no reported DNA-binding properties and we had expected it to be recruited to sites of double-strand breaks by DNA-binding factors like Rad51 and MRN. The order of assembly instead appears to be the opposite, with Brca1 'upstream' of both Rad50 and Rad51. The same order was observed in the transformed SVG p12 cell line, although the absolute amount of time required was less (45 minutes compared with 2 hours).
Like Zhong et al. [23] , we observed colocalization of Brca1 with the MRN complex; however, we did not see this in all cells containing MRN foci. In all the cell lines we examined, a large proportion of the population of cells with MRN foci did not exhibit Brca1 foci. Since Brca1 and Rad51 form foci in S phase, it will be very interesting to
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Figure 5
Repair-deficient cell lines exhibit abnormal γ-H2AX focus formation. (a) M059J cells, either untreated (-) or irradiated with 0.6 Gy (+), were fixed, permeabilized, and stained with antibodies directed against γ-H2AX. The irradiated cells recovered for 4.5 h at 37°b efore fixation. (b) NBS fibroblasts, either untreated (-) or irradiated with 2 Gy (+), were fixed and permeabilized as described in Figure 1 and stained with antibodies directed against γ-H2AX. The irradiated cells recovered for 4 h at 37° before fixation. 
Why foci?
With all the repair factors we studied, the intensity of individual foci increased gradually over time, as did the extent of colocalization within individual cells. By the time a factor is visible as a distinct focus, hundreds or thousands of molecules must be present at that site. Why so many repair molecules would be necessary at the site of one or a few double-strand breaks is not known. The visible accumulation of factors at sites of DNA damage may be an indication of a checkpoint mechanism used by the cell, instead of a visualization of DNA repair which theoretically would require only one set of repair enzymes to rejoin the DNA or perform homologous recombination. Consistent with this view, cell lines with known deficiencies in MRN focus formation (AT [1] , NBS [45] , and ATlike disorder [46] ) do not exhibit significantly lower levels of DNA repair, but do show extreme problems with checkpoint functions.
Another hypothesis for the function of foci in DNA repair, not necessarily contradictory to those already mentioned, is the possibility that the foci occur at sites where the repair machinery has difficulty repairing the breaks that are present. It is known that radiation-induced doublestrand breaks are not evenly distributed throughout the nucleus but occur in clusters, as a result of multiple ionization events along a radiation track [47, 48] . These multiply-damaged sites are likely to be the substrates of the 'slow' component of DNA repair, using current models of biphasic double-strand break kinetics [49] . Although it seems clear that the kinetics of focus formation in normal human fibroblasts are not consistent with the kinetics of 'fast' repair (t 1/2 estimated to be 30 minutes or less), it would be consistent with the kinetics of the 'slow' component (t 1/2 estimated between 1 and 4 hours) [50] [51] [52] [53] . In light of this model, accumulation of repair factors as foci would be a visible indication of the large concentration of repair activity at multiply-damaged sites. Interestingly, a defective 'slow' component of repair has been implicated in xrs-5 rodent cells, which lack the DNA end-binding protein Ku80 and show an inability to repair multiplydamaged chromatin loops [54] .
Phosphorylation of histone H2AX
Members of the PI-3 kinase-like family, including DNA-PK, ATM, and ATR, have been implicated as important components of the biological response to DNA damage [27, 30, 55] , thus making them excellent candidates for the kinases responsible for phosphorylating H2AX. The fungal metabolite wortmannin is known to be a potent inhibitor of PI-3 type lipid kinases and is also effective against the protein kinases in this superfamily [36, 38, 39] .
In our experiments we found that preincubation with wortmannin inhibited focus formation by γ-H2AX, as well as focus formation by Brca1 and Rad51, suggesting that PI-3-related kinases may indeed be involved in this response.
Does the kinase inhibitor block focus formation through its effect on H2AX phosphorylation, or by another route? We approached this question by adding wortmannin either before or after irradiation, reasoning that H2AX phosphorylation appears to be the earliest detectable event after DNA damage. It was remarkable that wortmannin added just after irradiation completely lost its inhibitory effect on γ-H2AX foci and on the later focus formation of Brca1 or Rad51, even though the cells were exposed to wortmannin long before the Brca1 and Rad51 foci usually appeared. This observation suggests that H2AX phosphorylation may be an initiating event in the process of focus formation, and that the absence of Brca1-Rad51 foci after preincubation in wortmannin is a direct result of the absence of H2AX phosphorylation.
In our experiments, the concentration of wortmannin required for inhibition of focus formation was quite high (200 µM). One possible explanation for the resistance of the H2AX phosphorylation to the drug is that ATR is 10-to 100-fold less sensitive to wortmannin compared to DNA-PK and ATM [39] . In vivo experiments have shown that half-maximal inhibition of ATR is achieved only with concentrations higher than 100 µM.
Because wortmannin affects numerous kinases of the PI-3 family, we also examined focus formation in cells lacking specific PI-3 kinases. The only human cell line known to be deficient in DNA-PK is the M059J tumor cell line, which also has very low levels of ATM [41] [42] [43] . Our analysis of the M059J cell line indicates that DNA-PK and ATM are likely playing a role in this response because the cells show a dramatically reduced ability to phosphorylate H2AX in response to DNA damage. There must be some redundancy in this function, however, because the M059J cells do exhibit a small increase in H2AX phosphorylation, and because the cells exhibit a large number of γ-H2AX foci even without any external source of DNA damage. As phosphorylation of H2AX is specific to double-strand breaks [24] , this very likely indicates a high level of breaks present in the cells all the time. It is not yet clear whether these foci represent many breaks being made with a high turnover of repair, or whether there are relatively few breaks that persist in the cells for a longer time without being repaired. The ATR and ATM homologs Mec1 and Tel1 are already known to be partially redundant in yeast, in which they function in both DNA damage checkpoints as well as in telomere maintenance [56] [57] [58] .
Like the M059J cells, NBS cells also show γ-H2AX foci in the absence of irradiation but the number of foci clearly increases after exposure to ionizing radiation. Thus, the MRN complex does not function in the formation of γ-H2AX foci. In addition, focus formation by Brca1 and Rad51 is unchanged in these cells, consistent with MRN being downstream from Brca1 and functionally separate from Rad51.
Chromatin structure and DNA repair
The colocalization of repair factors with modified histone molecules could be important not only in signalling the location of double-strand breaks but also in changing the local chromatin structure around the break. The carboxyterminal tails of H2A histone molecules have been shown to contact the 'linker' region of nucleosomal DNA and histone H1 [59, 60] , and can affect the condensation of the chromatin fiber [61] . Thus, modification of the H2AX tail by phosphorylation may change the overall structure of the chromosomal domain containing a break, as well as the accessibility of the fiber to other factors. Consideration of chromatin structure will have to become an essential part of the study of double-strand break repair as we try to understand how the first signal of a break is transmitted to the repair factors and cell cycle control machinery.
Conclusions
Comparison of focus formation by γ-H2AX, the Mre11-Rad50-Nbs1 complex, Brca1, and Rad51 suggests that γ-H2AX localization precedes and initiates focus formation by the repair-related factors. The data also support a role for DNA-PK, ATM, and the PI-3 kinase-like family of protein kinases in this response.
Materials and methods
Laser scissors and ionizing radiation
MCF7 cells were grown in RPMI medium (Gibco BRL) containing 0.4 µM BrdU and 2.4 µM thymidine for 3 days and were subcultured onto coverslips in the same medium. When the cells grew to 50-70% confluence, the cover slips were incubated with 10 µg/ml Hoechst dye 33258 in phosphate-buffered saline (PBS) for 10 min at 37°. The cover slips were mounted onto glass slides with a layer of PBS between the cover slips and the slides, using 0.5 mm silicon gaskets (Molecular Probes). The slides were kept on ice until mounting on the stage of a microscope fitted with a LaserScissors module 390/20 (Cell Robotics). The laser was focused through a 100× objective and operated at various power outputs ranging from 1-30%, using a pulse rate set at 10 pulses/s, and movement of the stage was controlled using a joystick. After irradiation, the coverslips were transferred to culture dishes and incubated at 37° for varying amounts of time as described in Figure 1 . At the lowest laser setting (1% of full power), the beam generates 1000 kJ/m 2 , which translates into a conservative estimate of > 80 Gy using standard absorption coefficients.
IMR90, MCF7, SVG p12, M059J, M059K and NBS cells were irradiated with a 137 Cs source in a Mark I irradiator (J.L. Shepherd and Assoc.) and allowed to recover at 37° for various amounts of time as indicated in Figures 2,4 ,5.
Immunostaining
Cells were fixed either with methanol or with 3% paraformaldehyde + 2% sucrose for 10 min. Permeabilization was performed with acetone after methanol fixation [1] or with a 0.5% Triton wash after formaldehyde [4] . The Triton wash did not make a significant difference for γ-H2AX or Rad50 staining, but greatly improved the intensity of the Brca1 and Rad51 staining. The polyclonal antibody directed against γ-H2AX was prepared as described [25] . Other polyclonal antibodies were directed against Rad51 (Ab-1, Oncogene) and Nbs1 (Novus Biologicals). Monoclonal antibodies were specific for Rad50 (13-B3, Genetex), Brca1 (Ab-1, Oncogene), and Rad51 (gift of Wen-Hwa Lee). All primary antibodies were used at dilutions of 1:200 to 1:800. The secondary antibodies included anti-rabbit FITC and anti-mouse Alexa 546 (Molecular Probes) and were used at dilutions of 1:200. Immunofluorescence images were captured using a laser scanning confocal microscope (Nikon PCM2000). All red channel images were taken with the He-Ne laser only (argon laser blocked).
Quantification of foci
IMR90 cells, either unirradiated or irradiated with 12 Gy, were stained with combinations of antibodies directed against γ-H2AX and Rad50 (Figure 3a) , γ-H2AX and Brca1 (Figure 3b ), or Brca1 and Rad51 (Figure 3b ). At least 30 images were randomly collected from each time point shown, with the 0 time point representing the unirradiated population. The foci in each channel (red and green) for each image were counted separately using the software program NIH Image. The result files from each measurement were superimposed on each other to determine the number of overlapping foci. The area of the nucleus in each image was also determined and used to adjust the count with respect to the average nuclei area, because nucleus size varied considerably within the cell population. The set of data from each time point exhibited a Poisson distribution, and the average values from each data set are represented on the graphs shown in Figure 3 .
NBS cells
Primary fibroblasts from an NBS patient of eastern European origin [62] were retrovirally transformed with the HPV E6 and E7 genes. 10 9 cells were maintained for several months until crisis occurred; a single transformant (growing into a colony) was isolated.
Three-dimensional gel analysis of H2AX
M059J and M059K cell cultures in ice cold media were exposed to 200 Gy. After irradiation the cold media was replaced with media at 37°C and the cultures placed in an incubator for the times indicated. Histone extraction and two-dimensional gel analysis were performed as previously described [24] .
